The aim of this work was to present an experimental dual energy (DE) 
Introduction 37
Breast cancer is a significant public health problem in the world up to date and is one 38 of the most common, accounting for approximately 12% of globally diagnosed 39 cancers in 2012 [1] . Among women, 16% of cancer deaths are attributed to breast 40 cancer [2] . Early detection through screening and adequate follow-up of women with 41 positive findings could significantly reduce breast cancer mortality (by 15-25%) [2] . 42
Mammography is the standard method for early detection of breast carcinomas [3] . 43
Microcalcifications ( Cs  ) act as an early indicator of the presence of breast cancer [4] 44
and are found in around 86% of mammograms in women aged 76-79 years [5] . A 45 percentage of 30 to 50% of non-palpable breast cancers are detected solely through 46 the appearance of Cs  during a mammogram scan [6] . Furthermore, 93% of the 47 ductal carcinoma in situ (DCIS), that is the most common type of non-invasive breast 48 cancer, is detected due to presence of calcifications in the mammograms [7] . 49
Calcifications are characterized as Cs  when their size is in the range of 0.1-1.0 mm. 50
The great majority of clustered calcifications have been proven to be within benign 51
lesions (approximately 80% of biopsies) and about 20% of these are cancerous 52 usually with no signs of tissue invasion [8] . However, since they are the smallest 53 objects that can be detected, any further improvement in the detection and 54 visualization of calcifications is an important step forward. Microcalcifications exhibit 55 higher X-ray attenuation than the surrounding breast tissue making them visible, 56 while masses are difficult to be detected because the X-ray attenuation is similar to 57 that of the healthy breast tissue [9] . However, visualization of Cs  could be obscured 58 in mammograms by overlapping tissue structures. Therefore, small Cs Normalized glandular dose (DgN) data for a 4 cm breast thickness of 0% and 100% 134 glandularity were obtained from published data [38] . Then, DgN values of 0% and 135 100% glandularity were fitted with a modified Fermi-Dirac distribution function [29] . 136 For 50% glandular tissue the averaged MGD value was used. MGD was calculated for 137 the low-and the high-energy exposures and then summed to obtain the total MGD. 138
The ESD and MGD values for the LE and HE image acquisitions are shown in Table  139 1. 140 where HE and LE are the high-and low-energy images, and w is the weighting 150
factor. 151
For each pair of low-and high-energy images, a number of DE images were 152 generated for various weighting factors in the range of 0 to 1, at 0.1 intervals. The 153 standard deviation (σ) of various background regions in the inhomogeneous breast 154 phantom was calculated using a custom-developed algorithm. For the minimum σ, the 155 corresponding w was selected. A w factor of 0.6 was adopted in the whole study, as 156 indicated by the inhomogeneity. Initially, a homogeneous breast phantom was used in order to validate the simulation 175 study. Polyethylene (PE) and polymethyl methacrylate (PMMA) slabs were used as 176 adipose and glandular tissue equivalent materials, respectively [40] . These materials 177
were selected due to their similarity to breast tissue X-ray transmission properties. 178
The total breast thickness was 4 cm, consisting of 50/50 (w/w) PE/PMMA slabs. Each 179 slab had uniform thickness, with dimensions of 10 cm×10 cm. 180 181
Inhomogeneous phantom 182
An inhomogeneous phantom, composed of lard and fresh egg whites, was used to 183 simulate adipose and glandular tissue, respectively, since they have similar 184 composition to the corresponding human tissues [41] and [42] . Lard and fresh egg 185 whites were placed in a tank, constructed by 0.5 cm thick PMMA slabs with 186 dimensions of 10 cm×10 cm×4 cm, in a proportion of 50% w/w. The mixture was 187 produced in our laboratory according to the method described by Freed et al [41] and 188
2.2.1.3.Custom-made calcification phantoms 191
Two different calcification phantoms were constructed. The two PMMA slabs used, 
Accreditation phantom 214
The mammographic accreditation phantom RMI model 156 ( Fig. 1) was also used for 215 a perception of the calcification size and further verification of the present method 216
[44]. Since the aim of this study is the calcification visibility, the calcification specks 217 groups were selected for irradiation. The phantom specks with diameters 540 m  
Post-processing of the DE images 231
As aforementioned, the used CMOS APS X-ray detector has a pixel size of 22.5 m  , 232 which is much smaller compared to those used in previous dual energy studies 233 
Custom-made breast phantoms 256
Two different C phantoms were constructed and irradiated with various beam 257 conditions. Dual energy images were obtained after applying the logarithmic 258 weighted subtraction technique. 259 Table 5 . 295
Similarly, for calcification thicknesses existing in both calcification phantoms, the 296 were visible in Figs. 6(e-f) , while the specks were barely visible in Figs. 6(g-h) . showing the specks groups (7) and (8) 
346
The CNR values depend on various factors such as irradiation conditions, dose to the 347 subject and most importantly the size of the object [47] . For specific contrast and 348 noise, when the shape of the object is the same but the size decreases, larger objects 349 are more effectively visible compared to the smaller ones [47] . In the present DE 350 study, the CNR in the subtracted images was calculated for various ESDs and breast 351 phantoms, in order to determine the minimum detectable calcification. 352
In the case of the custom-made calcification phantoms, the thicknesses of the circular 353 objects reproduce the absorption of Cs  and not their sizes. The calcification CNR 354 calculated for this phantom is expected to be higher than that of a spherical small size 355 object. In the latter case, the mean pixel value (MPV) ranges from a peak,corresponding to the attenuation from the maximum thickness of the sphere, to a pixel 357 value close to that of the background. Thus, the MPV will be lower than that of a 358 circular cylindrical object (custom-made calcification phantom) where the radiation 359 attenuates along its longitudinal axis. Each pixel value of this circular cylindrical 360 object will be almost equal to the peak pixel value of the spherical object. 361
Additionally, the pixel pitch will have a significant impact in degrading the CNR 362 value when it is comparable to that of a small size object. In our study, this effect is 363 reduced by the use of a CMOS detector with small pixel pitch (22. (Table 4 ). In addition to the total 369 entrance dose, the dose allocation between the low-and high-energy exposures affects 370 the calculation of CNR in the DE subtracted images. Based on a previous simulation 371 study, it was found that the optimal low-energy dose ratio, LDR (defined as low-372 energy dose over total dose) ranged from 0.2 to 0.65 [29] . In the case of 3.06 mGy, 373 the LDR was 0.75 which was above the optimal range. On the contrary, for 2.11 mGy, 374 the LDR was 0.54 that falls within this range [29] . 375
In the case of the lowest examined MGD (1.62 mGy), the DE images of the 376 inhomogeneous breast phantom were further processed and the 
